Summary. When glucagon release from monolayer cultures of newborn rat pancreas was measured over four hours in media containing 2.5 mM Ca + +, a significant cyclic AMP-related inhibition of release was observed. This was noted whether intracellular cyclic AMP levels were raised by the addition of exogenous cyclic AMP or dibutyryl cyclic AMP, by phosphodiesterase inhibition with theophylline, or by the stimulation of adenylate cyclase with cholera toxin. The inhibition was concentration dependent for cyclic AMP and could not be reproduced by the addition of AMP, ADP or ATP. Adenosine also inhibited glucagon release while ATP was stimulatory. From time course studies it appeared that the inhibitory effects of cyclic AMP and cholera toxin were progressive after two hours of incubation. With cholera toxin an early stimulation of glucagon release was observed. The effects of cyclic AMP and cholera toxin on argininestimulated glucagon release were to stimulate further the glucagon release during the first hour of the incubation. Thus, the effects of raising intracellular cyclic AMP levels were biphasic in that both an early stimulation and a late inhibition of glucagon release were observed. In examining the nature of these responses a remarkable controlling role for Ca ++ was uncovered: at Ca + + concentrations of 0.3 mM and lower no effect of cyclic AMP on glucagon release was found. With 1 mM Ca ++ in the medium cyclic AMP stimulated glucagon release early (30 min) and thereafter had no further effect. In the presence of 2.5 mM Ca + + cyclic AMP did not stimulate early but did cause the delayed inhibition of release. It is concluded that the effect of cyclic AMP on glucagon release can be either stimulatory or inhibitory depending upon the Ca + + concentration of the medium and the duration of exposure to raised cyclic AMP levels.
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The release of the catabolic hormone glucagon is stimulated by stress-associated states [1, 2, 3, 4] , physical exercise [5, 6, 7] and hypoglycemia [8, 9, 10, 11] , as well as during infections [12] , diabetic ketoacidosis [13, 14] and starvation [15, 16] . This stimulation of release is caused, at least in part, by activation of the autonomic nervous system. Excitation of both parasympathetic [ 11, 17] and sympathetic nerves [18, 19] [26, 27, 28, 29] . The catecholamine effects appear to be mediated by fl-adrenergic receptors. Thus, the fl-agonist isoproterenol stimulates glucagon release [22, 25, 28] and fl-adrenergic blocking agents attenuate the response to nerve stimulation in the dog [30] , also that to exsanguination [31] , to non-exhaustive physical exercise [7] , to epinephrine in vitro [22] , to isoproterenol in vivo [28] and in vitro [22] . The concept is supported further by the finding that epinephrine stimulates adenylate cyclase in homogenates of A cell-rich islets from streptozotocin treated guinea-pigs [32] .
Cyclic AMP, the intracellular mediator of fl-adrenergic effects, has also been widely reported to stimulate glucagon release. This has been shown with cyclic AMP [33, 34, 35] , dibutyryl cyclic AMP [32, 35, 36] , and by raising intracellular cyclic AMP levels with theophylline [24, 32, 35, 36, 37, 38] . By contrast, our own data [39] showed consistent inhibition of glucagon release with cyclic AMP or theophylline in monolayer cultures of newborn rat pancreas. In a recent report [40] dibutyryl cyclic AMP was shown to inhibit glucagon release in the perfused pancreas of the rat. Comparison of our early data, in which inhibitory effects were found, with those of others demonstrating stimulatory effects, uncovered differences in the imposed experimental conditions. Firstly, the inhibitory effects were seen with rather lengthy incubations of four hours. Secondly, the Ca ++ concentration of the media was higher (2.5 mM) than in studies reporting stimulation by cyclic AMP [32, 36] or the effective, free Ca ++ concentration in the latter was in effect lowered by higher albumin concentrations in the media [25, 38] . Consequently, the studies reported here were performed to document fully the inhibitory effects of cyclic AMP and to investigate the time course of the response. Furthermore, the influence of different concentrations of Ca ++ in the medium was studied. In view of the need to use high and necessarily unphysiological concentrations of cyclic AMP on intact tissues and cells, additional studies were performed using two other agents to raise intracellular cyclic AMP levels. These were theophylline, which acts by inhibition of phosphodiesterase, and cholera toxin, which is a specific, and ubiquitous stimulator of adenylate cyclase, and which has been reported to stimulate the accumulation of cyclic AMP in isolated islets of Langerhans [41] .
Material and Methods
The monolayer culture technique of endocrine pancreatic cells from 1-3 day old rats has been described in detail elsewhere [42, 23, 43] . In brief, the enzymatically dissociated cells were plated into plastic Petri dishes. 75-150 rats were used for one culture preparation, yielding 30 to 60 Petri dishes. To reduce the number of fibroblastoid cells, which attach more rapidly to the bottom of the Petri dishes, the cells in suspension were decanted into new Petri dishes at 14 h of culture. At approximately 44 h after the original plating, at a time when the endocrine cells had firmly attached to the bottom of the dishes and had rearranged into clusters of varying size, the cultures were washed carefully and fresh culture medium was added. The culture medium 199 was supplemented with 14 mM sodium bicarbonate, 10% calf serum and 400 U/ml sodium penicillin. The glucose concentration of the culture medium was 16.7 mM until the first medium change after washing (44 h after plating) when it was decreased to 5.6 mM for the last 20-24 h prior to the incubation experiments. Culture and incubation experiments were carried out at 37 ~ C in an atmosphere saturated with water and a pH monitored to 7.40 + 0.05 by varying the CO 2 flow to the incubator. All experiments were performed on the third day of culture, a time at which the remaining exocrine cells in culture are devoid of zymogen granules as evidenced by electron microscopy [44] and when amylase is not detectable in the bathing medium.
Incubation experiments were performed in KrebsRinger bicarbonate buffer (KRB) with the following ionic composition: NaC1 118.6 mM, KC1 4.8 mM, KH2PO 4 1.2 mM, NaHCO 3 24.6 mM, Mg SO 4 1.2 mM and CaC12 (when not otherwise stated) 2.5 mM. The KRB medium contained 0.5% dialyzed bovine serum albumin, 250 kallikrein inhibitory units/ml Trasylol, 2.8 or 16.7 mM glucose, with or without the agents under study. The bovine serum albumin employed (fraction V, 80% pure) contained free fatty acids yielding a maximal final concentration in the KRB-buffer of about 0.2 mM. Prior to incubation the cultured cells were washed three times, after which 3 or 5 ml incubation buffer was added to each Petri dish. Incubations were carried out over 2 to 4 h and, in some experiments, 0.5 or 1 ml aliquots were removed at other times, as specified. Samples were kept at -20~ until assay. Immunoreactive glucagon (IRG) was measured by the method of Unger et al. [45] using pork glucagon as standard, and antipork glucagon serum obtained from rabbit 30 K. This antiserum is relatively specific for pancreatic glucagon. None of the substances tested in this study interfered with the glucagon assay. Cholera toxin was dissolved in sterile water and kept at + 4 ~
The Petri dishes within a single culture preparation were paired for statistical analysis using Student's t-test. The data from experiments under identical conditions but performed on different occasions were pooled for statistical analysis. Where an occasional Petri dish was lost its pair was deleted from analysis.
The cyclic AMP, theophylline and cholera toxin can all be seen to reduce markedly the amount of glucagon secreted. With low glucose, the inhibition was 56% for cyclic AMP, 72% for dibutyryl cyclic AMP, 33% for theophylline and 35% for cholera toxin. With high glucose, the inhibition was 69% for cyclic AMP, 48% for dibutyryl cyclic AMP and 40% for both theophylline and cholera toxin.
Results

a. Effects of Agents which Raise Intracellular Cyclic AMP Levels
When the monolayer cultures were incubated over 4 h in the presence of either 10 mM cyclic AMP or 5 mM dibutyryl cyclic AMP, glucagon release was significantly inhibited relative to control cultures (Table 1  A) . Similarly, when endogenous cyclic AMP levels were elevated, either by the phosphodiesterase inhibitor theophylline (5 mM) or by 1.2 • 10 -8 M cholera toxin (1 ~tg/ml), glucagon release over 4 h was inhibited (Table 1 A) . These experiments were carried out in the presence of 2.8 mM glucose at which low concentration glucagon release is elevated. When the experiments were repeated in the presence of a high glucose concentration, inhibitory to glucagon release, further inhibition was observed with all four agents. Thus, in Table 1 B, cyclic AMP, dibutyryl
b. Dose-Response Characteristics of the Inhibitory Effects of Cyclic AMP and Cholera Toxin
Cyclic AMP was added to the medium bathing the cells at three concentrations, 0.1, 1 and 10 mM, in the presence of 2.8 mM glucose. The results of these experiments are expressed as % inhibition of glucagon release measured over 4 h. All three concentrations caused significant inhibition of glucagon release. Inhibition with 0.1 mM was 12% (p < 0.02, n = 6), with 1.0 mM 29% (p< 0.005, n = 6) and with 10 mM 49% (p < 0.001, n = 5). Cholera toxin was also tested at three concentrations, 1.2 x 10 -1~ 1.2 X 10 -9 and 1.2 x 10 -8 M in the presence of 2.8 mM glucose. 1.2 • 10-1~ cholera toxin did not significantly inhibit glucagon release although the release was depressed by 18% (p < 0.2, n = 4). The two higher concentrations of toxin did inhibit significantly, 1.2 • 10-9M by 41% (p < 0.01, n = 4) and 1.2 x 10-8Mby48% (p< 0.005, n = 4). 
c. The Effects of Different Adenine Nucleotides
The experiments were performed tO compare the effects of cyclic AMP, adenosine, AMP, ADP and ATP on glucagon release over four hours. In the presence of 2.8 mM glucose no effects were detected with AMP or ADP at a concentration of 10 mM. Adenosine at the same concentration, however, caused an inhibition of glucagon release similar to that caused by cyclic AMP. By contrast, 10 mM ATP stimulated glucagon release to a level more than double that of the control release. These results are presented in Table 2 (A). In a further series of experiments the effects of adenosine and ATP on glucagon release were examined. From the results presented in Table 2 (B) it can be seen that while adenosine inhibited glucagon secretion in the presence of 2.8 mM glucose, there was no significant effect on the suppressed glucagon release in the presence of 16.7 mM glucose. The stimulatory effect of ATP was observed in the presence of both low and high glucose concentrations and the effect was greater at 16.7 mM than at 2.8 mM glucose. The results in Table 2 show that with the exception of adenosine, none of the adenine nucleotides tested was capable of mimicking the cyclic AMP-induced inhibition of glucagon release. It can be seen also that in these experiments the well known inhibition of glucagon release by high glucose concentrations was confirmed.
d. Effect of Cyclic AMP on Arginine-Stimulated Glucagon Release
In order to study the effects of cyclic AMP on arginine-stimulated glucagon release, time course experiments were performed for various periods up to four hours in the presence of 2.8 mM glucose and 10 mM arginine. As shown in Fig. 1, 10 mM arginine stimulated glucagon release significantly at all time points (30 rain, p < 0.01; 1, 2, 3 and 4 h, p < 0.005). When 10 mM cyclic AMP and arginine were added together, cyclic AMP induced a further stimulation of glucagon release. The stimulation was most marked over the first 30 min so that cumulative glucagon release was significantly stimulated at 30 min, 1 and 2 h. Release rates were not significantly stimulated after the first hour.
e. Time Course of the Effect of Cholera Toxin
Time course studies with cholera toxin revealed a biphasic pattern of effects on glucagon release. The results are shown in Fig. 2 . The experiments were performed in the presence and absence of 1.2 x 10-8M cholera toxin. The toxin stimulated glucagon release significantly at 30 min (p < 0.05) and at 60 min (p < 0.005). Thereafter the rate of glucagon release in the presence of the toxin decreased so that even the cumulative glucagon release was significantly inhibited at 3 h (p < 0.01) and 4 h (p < 0.005).
f. Effect of Cholera Toxin on Arginine-Stimulated Glucagon Release
Three sets of conditions were used to examine the interaction of cholera toxin and arginine on glucagon release. All media contained 2.8 mM glucose. One set of cultures was used as control, one was exposed to 10 mM arginine and the third set to the combination of 10 mM arginine and 1.2 x 10-8M cholera toxin. The results are shown in Fig. 3 . As found previously, arginine stimulated glucagon release at all time points. At 15 min the p value was < 0.05, at 30 min < 0.01, at 1 h < 0.005 and at 2 and 4 h < 0.01. Cholera toxin caused a further stimulation of the arginine stimulated release, but this was apparent only at the early time points up to one hour. In this respect the results are similar to those obtained with cyclic AMP. After one hour the release rates were decreased by cholera toxin so that the cumulative glucagon released at 2 and 4 h in the presence of arginine and cholera toxin was not different from that released by arginine alone.
g. Effect of Cyclic AMP in the Presence of Different Concentrations of Ca + +
As all the experiments reported so far were performed in the presence of 2.5 mM Ca ++ and because Ca ++ has both stimulatory and inhibitory effects on glucagon release [47] the effect of cyclic AMP was examined in the presence of different concentrations of Ca ++. Release was measured at 2.8 mM glucose and with or without 10 mM cyclic AMP over 30 min and 2 h. Pooled data derived from several series of experiments are shown in Fig. 4 and expressed as the increment or decrement of glucagon released relative to control cultures in the absence of cyclic AMP. It can be seen that in calcium depleted media or in the presence of 0.3 mM Ca + + no effect of cyclic AMP was detected at either 30 min or at 2 h. With 1.0 mM Ca + + in the medium the amount of glucagon released by cyclic AMP in 30 min was significantly stimulated and more than double that of the controls while no significant increase was detected after 2 h. By contrast, with 2.5 mM Ca + + in the medium, cyclic AMP failed to stimulate release during the first 30 min and at 60 min (latter not shown), but caused a significant decrease in release of glucagon over 2 h. Therefore, in e-----., GLUCOSE 2.8 mM Following these experiments a time course study was performed of the effect of cyclic AMP on glucagon release in the presence of 1.0 mM Ca + +. From the results of this study, shown in Fig. 5 , the early stimulatory effect of cyclic AMP can be clearly seen. The amount of glucagon released under these conditions is almost three times that of the control release during the first 30 min. Between 30 min and 2 h the rate of glucagon release in the presence of cyclic AMP slowed markedly so that no difference in release was detectable at 2 h. Similarly at 4 h no difference in glucagon release was noted 9 Thus an important influence of Ca + + concentration on the A-cell response to cyclic AMP is apparent: firstly, the effect of cyclic AMP is dependent on Ca + + as no effect is seen at low Ca + + concentrations. Secondly, a stimulatory effect of cyclic AMP is observed in the presence of 1 mM Ca + + and thirdly, a late inhibitory effect in the presence of 2.5 mM Ca ++
Discussion
The results of this study show that, in the presence of 2.5 mM Ca ++, cyclic AMP, dibutyryl cyclic AMP, theophylline and cholera toxin all inhibit glucagon release by monolayer cultures of rat pancreas when measured over four hours. From the fact that raising intracellular cyclic AMP levels by these different techniques, namely addition of exogenous cyclic AMP, inhibition of phosphodiesterase and stimulation of adenylate cyclase all produce the same effect, it can be assumed that the inhibitory effect on glucagon release is indeed due to intracellular cyclic AMP. The inhibition is concentration dependent and specific in that AMP, ADP and ATP did not inhibit the release. Adenosine, which did inhibit glucagon release has been reported to stimulate the accumulation of cyclic AMP in some tissues [48, 49, 50] but not in others [51] . The former finding [48, 49, 50] may explain the cyclic AMP-like effect of adenosine in the present study. The stimulation of glucagon release by ATP is unexplained but ATP has been shown previously to stimulate insulin release [52] . Weir and co-workers found adenosine, AMP, and ADP to stimulate glucagon release in the perfused rat pancreas, but in their preparation ATP had no stimulating effect [34] . 275 The time course studies using exogenous cyclic AMP and cholera toxin demonstrate that the inhibition does not have an early onset but develops gradually, as the incubation proceeds. Cholera toxin exhibited a different pattern of effect from cyclic AMP in that an early stimulation of glucagon release was seen at 30 and 60 rain. At four hours, however, the inhibition of glucagon release was clearly seen; the inhibitory effect began at 2 h. The ability of cholera toxin to elicit an early stimulation of glucagon release may reflect the advantage of raising cyclic AMP levels by stimulation of adenylate cyclase in the cells rather than by the exogenous addition of large and nonphysiological amounts of cyclic AMP. Similarly, we find that theophylline produces an early stimulation (unpublished data). The assumption that cyclic AMP levels in the cultured A-cells are elevated after four hours of incubation with cholera toxin is supported by time-course studies of the effect of the toxin on adenylate cyclase in various tissues. Thus in cultured melanoma cells the adenylate cyclase activity increased gradually Over the initial 5 h after exposure to the toxin and remained stimulated for several days [53] .
In examining the effects of exogenous cyclic AMP and cholera toxin on arginine-stimulated glucagon release, it was found that both agents behave similarly and no inhibition of glucagon release was detected. Instead, both agents stimulated the release over the first hour of incubation. Thus arginine appeared to protect the A-cells against the inhibitory effect of cyclic AMP and only the early stimulatory effect was seen. This agrees with the report by Jarrousse and Rosselin [36] that dibutyryl cyclic AMP and theophylline enhanced amino acid induced glucagon release, but is at variance with the findings of Marco et a1. [54] , who observed an inhibitory effect of aminophylline on arginine-induced glucagon release in vivo.
The evidence dicussed so far suggests that in the presence of 2.5 mM Ca + +, raising intracellular cyclic AMP levels can cause an early stimulation of glucagon release (with cholera toxin) followed by a late inhibition. Most striking is the fact that the effects of cyclic AMP can be influenced dramatically by the Ca ++ concentration in the medium. From the responses obtained with different concentrations of Ca + + it follows that Ca + + exerts a strong controlling influence over the effects of cyclic AMP on glucagon release. At very low Ca ++ concentrations, no effect of cyclic AMP on glucagon release can be detected. With 1.0 mM Ca ++ stimulation by cyclic AMP is seen at 30 min but not at 2 h, while with 2.5 mM Ca + + no stimulation occurs at 30 min and inhibition of glucagon release is observed at 2 h.
The mechanism underlying these effects is obscure, but they are in line with recent observations of the effect of Ca ++ on glucagon release when Ca + + .entry into the A-cells is facilitated by the divalent cation ionophore A23187. In these studies, low medium Ca + + concentrations in the presence of the ionophore were found to stimulate glucagon release, while high concentrations were found to be inhibitory [47] . It may be speculated, therefore, that if raised intracellular Ca + + is responsible for the stimulation of glucagon release then this may be the mechanism by which cyclic AMP stimulates the release process. However, in the presence of 2.5 mM Ca ++ in the medium the increase in intracellular Ca + + may be too great, at least over a two hour period, so that inhibition of key enzymes involved in the release process may result in decreased glucagon release. Under physiological conditions with normal plasma Ca + +, it may be assumed that the effect of increasing intracellular cyclic AMP concentrations will be a stimulation of glucagon release.
